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Abstract
An important therapeutic concern is rate and extent of internalization of drugs into cells. Hydrophilic agents often
internalize poorly and slowly, and highly lipophilic ones too rapidly. The incorporation of drugs into micelles allows
regulation of their internalization parameters, and newly-described block copolymers can be selectively tailored to suit
specific drugs. This report compares internalization of Cell Tracker CM-DiI (DiI), a highly lipophilic non-cytotoxic
fluorescent probe in common use in biology, from the freely-presented (non-micelle-incorporated) and micelle-incorporated
states. DiI was effectively incorporated (s 60%) into 25^50 nm diameter spherical micelles made from polycaprolactone-b-
polyethylene oxide block copolymer. Confocal microscopy was used to evaluate the internalization of DiI into mixed
neuron^glia cultures (2^14 days in vitro, 2DIV^14DIV). Incorporation of DiI into micelles strikingly reduced the rate and
extent of its internalization in both 2DIV and 14DIV cultures. Both the age of the cultures and the block copolymer
employed to construct the micelles significantly influence the internalization of micelle-incorporated probe. ß 2001 Elsevier
Science B.V. All rights reserved.
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1. Introduction
A wealth of information is available for micelle-
forming block copolymers as potential drug carriers,
including block copolymers [1,2]. Their physical,
chemical and morphological properties have been
studied in detail [3,4]. However, very little is known
about the release, subsequent uptake and subcellular
distribution of incorporated agents. Most studies em-
ploying polymer micelles as drug carriers have been
developed for the delivery of anticancer drugs [5] and
more recently for antisense oligonucleotides [6,7] and
DNA probes [8,9]. Our group has been particularly
interested in biodegradable and biocompatible mi-
celles containing £uorescent probes and neuroactive
agents to investigate their potential as polymer ve-
hicles in neuroscience [10].
In the present study we focus on polycaprolactone-
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b-polyethylene oxide (PCL21-b-PEO44) micelles con-
taining the £uorescent probe DiI, one of a large
group of dialkylindocarbocyanine derivatives [11].
Several non-micelle-incorporated members of this
class of compounds have been recently utilized for
studies of their tra⁄cking in CHO cells by quantita-
tive £uorescent microscopy [12]. Findings from these
studies show that all investigated dyes enter sorting
endosomes and suggest that endocytic organelles can
sort DiI analogs based on their preference for asso-
ciation with the alkyl tail length or degree of unsatu-
ration.
The aim of the present studies was to investigate
the in£uence of block copolymer PCL21-b-PEO44 in
modulating or re-directing uptake of micelle-incorpo-
rated DiI. We employed primary neural cultures at
di¡erent stages of development in vitro (from days 2
(2DIV) to 14 (14DIV)). Results from these studies
suggest that both the block copolymer and age of
neural cultures in vitro profoundly alter the rate
and degree of DiI internalization.
2. Materials and methods
2.1. Materials
Cell Tracker1 DiI was purchased from Molecular
Probes. [3H]Benzo[a]pyrene ([3H]B(a)P) was obtained
from Amersham Pharmacia. Some relevant physical
parameters of these agents are summarized in Table
1. Scintillation cocktail OptiPhase HiSafe 2 (Wallac)
was purchased from Perkin Elmer Life Sciences. All
tissue culture supplies were obtained from Gibco
BRL. Tissue culture chambers were from Nunclon.
2.2. Methods
2.2.1. Preparation of micelles containing DiI
The poly(caprolactone)21-b-poly(ethylene oxide)44,
PCL21-b-PEO44, block copolymer (Mr = 4330 g/mol)
was synthesized by anionic polymerization [14]. Ten
Wl of 10 WM DiI (dissolved in dimethylformamide
(DMF)) were placed in an empty glass vial and sol-
vent was evaporated. Five mg of PCL21-b-PEO44
were dissolved in 0.15 g of DMF and added to the
vial containing DiI. The solution was stirred for 4 h.
Micellization was induced by drop wise addition
(V1 drop/10 s) of MilliQ distilled water and the so-
lution was stirred overnight. The solution was dia-
lyzed in a dialysis bag (protected from light) against
MilliQ distilled water. The water was changed every
hour for the ¢rst 4 h and then every 3 h for the
following 12 h.
2.2.2. Incorporation of [3H]B(a)P into micelles
An aliquot (8.3 Wl, 0.64 nM) of a [3H]B(a)P solu-
tion in toluene was added to an empty glass vial, and
the toluene was allowed to evaporate. Five mg of
PCl21-b-PEO44 copolymer were then added to the
Table 1
Some physical, chemical and biological properties of probes incorporated in poly(caprolactone)21-b-poly(ethylene oxide)44 micelles
Probes CellTracker1 CM-DiI [11,12] Benzo[a]pyrene [13]
Chemical formula C68H105Cl2N3O C20H12
Molecular mass 1051 257
Solubility in water Low 3.8U1036 g/l
Extinction coe⁄cient 134 000 cm31 M31 Not available
Fluorescence Vexc: = 530 nm Vexc: = 365 nm
Vem: = 570 nm Vem: = 407 nm
Speci¢c activity 0 5.0 mCi/ml
Cytotoxicity Low High
Cellular localization Cytoplasmic/perinuclear Membrane/non-nuclear
Micelle-incorporated probes
Total no. of micelles formed/ml 1.1U1016 1.1U1016
No. of probe molecules per micelle 1.05 0.04
Stability of the micelles in the culture medium At least 4 weeks At least 4 weeks
Stability of the micelles in the PBS At least 3 months At least 3 months
BBAMCR 14764 14-6-01 Cyaan Magenta Geel Zwart
D. Maysinger et al. / Biochimica et Biophysica Acta 1539 (2001) 205^217206
vial followed by 0.15 g of DMF. The solution was
stirred for 4 h at which point 0.33 g of water was
added slowly to the vial to make a 0.5% (w/w) co-
polymer solution. The micelle solution was then
stirred overnight and dialyzed against distilled water.
2.2.3. Spectro£uorometry and liquid scintillation
counting
Determination of DiI concentration in micelles or
the amounts of DiI released from micelles was deter-
mined from 60-Wl aliquots of micelles or 3.5 ml of
dialysate, respectively. Micelles containing DiI were
disintegrated in 3.94 ml of DMF and £uorescence
intensities measured using Spex Fluorolog spectrom-
eter at Vexc = 570 nm. Concentrations were deter-
mined from the linear portion of the standard curve
from 10 WM to 1.88 mM using the Sigma Plot 4.0
program. Liquid Scintillation Counter Wallac 1410
was used for detection of [3H]B(a)P incorporated or
non-incorporated into micelles (5 Wl). Four ml of the
scintillation cocktail were added to the samples,
which were then left to equilibrate for a minimum
of 1 h. Samples were counted using an Easy Count
program (Liquid Scintillation Counter Wallac 1410).
2.2.4. Cell cultures
Primary neuronal cultures were prepared from
neocortex and hippocampi (combined preparation)
of mice (Swiss Webster, Taconic, embryonic day
16^18) and placed in Neurobasal medium with 10%
fetal bovine serum [15]. The tissue was mechanically
dissociated by pipetting. Neurons were plated at
100 000 cells/cm2 on 0.025% poly-D-lysine coated
four-chamber glass slides. After neurons had at-
tached to the substrate (1 h), media were replaced
with serum free Neurobasal medium containing 2%
B27 supplement. The cultures were maintained at
37‡C with 5% CO2 in a tissue culture incubator.
The medium was changed every 5^7 days, and the
cells were used for experiments within 2^14 days in
vitro (2DIV^14DIV).
2.2.5. Cellular internalization of micelle-incorporated
probes
Neural cells grown in serum free medium (2DIV^
14DIV) were incubated with micelle-incorporated (1
WM, ¢nal concentration) or non-micelle-incorporated
DiI (1 WM, ¢nal concentration) for 15, 30, 60 min
and 4 h. Micelle-incorporated [3H]B(a)P, 0.04 WM
¢nal concentration, and non-micelle-incorporated
[3H]B(a)P, 0.04 WM ¢nal concentration, were incu-
bated for the same amount of time as with DiI. Fol-
lowing the incubation, an aliquot of supernatant was
transferred to the scintillation vials and 4 ml of the
scintillation cocktail were added. The cells were then
washed once with acidi¢ed wash (0.5 M NaCl, 0.2 M
CH3COOH; pH 2.5) and twice with PBS (phos-
phate-bu¡ered saline). Following the washes, 200 Wl
of lysis bu¡er were added to each chamber and the
cells were lysed for 20 min on ice. Cell lysates were
transferred to scintillation vials and 4 ml of scintilla-
tion cocktail were added to each vial. Samples were
equilibrated for a minimum of 1 h and counted using
Easy Count. Polymer concentrations in all experi-
ments were 0.02%. To rule out the toxicity of the
PCL21-b-PEO44 cells were incubated with di¡erent
concentrations of the polymer (0.01^0.1%) for 24 h
and viability was assessed. Brie£y, at the end of the
experiment N-(1-naphthyl)ethylenediamine dihydro-
chloride, 3-(4,5-dimethylthyazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) (Sigma) was added (¢nal
concentration 250 Wg/ml) and cells were incubated
for 2 h, then washed twice with PBS. DMSO (200
Wl/chamber) was used to dissolve the reduced MTT
and the absorbance was measured at 595 nm using a
microplate reader.
To study the subcellular distribution of DiI in neu-
ral cultures, cells (14DIV) were treated with Lyso
Tracker Bodipy (0.2 Wg/ml, Molecular Probes) and
Brefeldin A Bodipy (0.2 Wg/ml, Molecular Probes)
together with DiI. Colocalization of organelle
markers with DiI was assessed by confocal micros-
copy (BioRad 1024) at di¡erent times (6 15 min to
1 h). Minimum of 30 cells were analyzed per condition.
2.2.6. Immunocytochemistry
For the immunocytochemical analysis the cultures
were rinsed in TBS (Triton-X bu¡ered saline) and
¢xed in 2% paraformaldehyde for 15 min. Nonspe-
ci¢c immunostaining was blocked by incubating cells
in 3% non-fat dry milk in TBS. The cells were then
permeabilized with 0.5% Triton X-100 and incubated
in primary antibody overnight at 4‡C. To reveal neu-
ronal cells and astrocytes MAP2 (microtubule asso-
ciated protein 2, Sigma, dilution 1:500) or GFAP
(antibody against glial ¢brillar acidic protein, Sigma,
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dilution 1:200) antibodies were used, respectively.
Hudy 1 (Upstate Biotechnology, Lake Placid, NY,
dilution 1:200) antibodies were used to detect dyna-
min 1. Control cells were incubated with 3% non-fat
dry milk in TBS without primary antibody. CY3 or
Bodipy conjugated antibodies (Jackson Labs) were
used as a secondary antibody. After washing with
TBS the slides were coverslipped with GVA-Mount
(Zymed, San Francisco, CA). The images of immu-
nostained cells were analyzed with a confocal micro-
scope (BioRad 1024) equipped with an argon/kryp-
ton laser with 488, 568 and 647 nm lines, mounted
on a Nikon TE-300 microscope, and a computer sys-
tem coupled to an optical disk for image storage. All
images were generated and processed using Adobe
Photoshop software. For the quantitative analysis
the images of all DiI-positive cells within a visual
¢eld (eight ¢elds/condition) were collected using con-
stant settings on a confocal microscope (BioRad
1024). The intensity of £uorescence (photon counts)
in the cell was analyzed using Adobe Photoshop soft-
ware. The data were collected from three indepen-
dent experiments. To gain more quantitative data
for dynamin-1, 500 Wl of cell lysates from 2DIV
and 14DIV were immunoprecipitated with Hudy-1
(4 Wl/500 Wl cell lysate), separated using Protein A
Agarose beads. Western blotting was done using
the same antibody (0.2 Wg/ml) according to the sup-
plier’s protocol. The intensity of 100 kDa band was
assessed by densitometry.
2.2.7. Statistical analysis
Data were analyzed by Systat software version 9.0.
The tests performed include Student’s t-test or two-
way analysis of variance (ANOVA) followed by mul-
tiparametric post hoc Tukey’s test. P6 0.05 was con-
sidered signi¢cant.
3. Results
3.1. Properties of the PCL21-b-PEO44 micelles and of
the incorporated probes
PCL21-b-PEO44 micelles were prepared from co-
polymer solution in DMF and the micellization
was induced by drop-wise addition of water. The
micelles formed, studied by dynamic light scattering,
reveal the e¡ective diameter of 25^50 nm [10]. The
total number of micelles formed in 1 ml of 0.5%
(w/w) micellar solution is 1.1U1016 micelles/ml
(Table 1). The critical micellar concentration and ag-
gregation number were previously determined to be
2.8U1037 M and 125, respectively [16]. Two lipo-
philic probes, DiI and [3H]B(a)P, were incorporated
into PCL21-b-PEO44 micelles. The physical and
chemical properties of these probes are summarized
in Table 1. The number of molecules incorporated
per micelle was 26 times greater for DiI than for
[3H]B(a)P (Table 1). The total number of DiI mole-
cules in 1.1U1016 micelles is 1.2U1016, and that of
[3H]B(a)P is 4.4U1014. Prior to internalization stud-
ies, biocompatibility of the PCL21-b-PEO44 polymer
was tested. No signi¢cant di¡erences in the number
of viable cells were detected in cultures treated with
the polymer and in its absence, within 24 h. The
stability of the micelles was assessed in the cell cul-
ture medium and in the PBS. The micelles were sta-
ble in both solutions for at least one month (Table
1), as assessed by dynamic light scattering and elec-
tron microscopy [10,16].
3.2. Internalization of micelle-incorporated DiI into
neural cells
A comparative analysis of internalized DiI upon
C
Fig. 1. Time-dependent DiI and DiI-M internalization into 6DIV neural cultures. DiI could be seen in the primary neurons following
15 min incubation, whereas DiI-M requires at least 1 h incubation to be taken up by neurons. Inserts in d,g,h show astrocytes. The
bar represents 50 Wm. The images were acquired by confocal microscope (BioRad 1024) equipped with an argon/krypton laser with
488, 568 and 647 nm lines, mounted on a Nikon TE-300 microscope, and a computer system coupled to an optical disk for image
storage. All images were generated and processed using Adobe Photoshop software. The intensity of £uorescence (photon counts) in
the cell was analyzed using Adobe Photoshop software and expressed as relative £uorescence intensity (RFI). The data were collected
from three independent experiments. The concentration of both micelle-incorporated and non-micelle-incorporated DiI was 1 WM.
Cells were grown in chemically de¢ned serum-free medium and incubated 15 min and up to 24 h with DiI or micelle-incorporated DiI
(DiI-M). The values in i represent the mean þ S.E.M. (minimum 30 cells/condition were analyzed). RFI, relative £uorescence intensity.
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treatment of the cultures with either non-micellar
DiI, (DiI), or the equivalent concentrations of mi-
celle-incorporated DiI, (DiI-M) was performed for
di¡erent periods of time (15 min, 1, 6, and 24 h).
Fig. 1 shows accumulation of the £uorescence with
time in 6DIV neuronal cultures. Using direct confo-
cal microscopy we were able to detect DiI incorpo-
ration into neurons after 15 min of the incubation
with DiI (Fig. 1a), while in DiI-M-treated cells there
was no uptake observed at this time (Fig. 1b). Mi-
Fig. 2. Internalization of DiI and DiI-M into 2DIV (a,b) and 14DIV (c,d) primary neural cultures. The cells were incubated with DiI
or DiI-M for 1 h at 37‡C. There is an extensive uptake of DiI alone in both 2DIV and 14DIV neurons, whereas DiI-M internaliza-
tion is only detectable in 14DIV old neurons (very faint signals in 2DIV cultures). The bar represents 50 Wm. The concentration of
both micelle incorporated and non micelle incorporated DiI is 1 WM. The values in e represent the mean þ S.E.M. (n = 30). Student
t-test was performed and P6 0.05 was considered signi¢cant.
C
Fig. 3. Internalization of micelle-incorporated and non-micelle-
incorporated DiI into neural cultures and astrocytes. Neural
cultures and astrocytes (2DIV and 14DIV) were treated with
micelle-incorporated DiI (1 WM) and free DiI (1 WM). Images
were acquired by confocal microscopy as described in Fig. 1.
The bars represent the mean þ S.E.M. from three independent
experiments. The data were analyzed by two-way ANOVA fol-
lowed by Tukey’s multiparametric post-hoc test. P6 0.05 was
considered signi¢cant. Relative £uorescent intensities (RFI) cor-
respond to average £uorescent intensity per cell, from more
than 30 neuronal cells and astrocytes. RFIs for non-micelle-in-
corporated DiI in neural cultures and astrocytes at 2DIV and
14DIV are signi¢cantly di¡erent (P6 0.001). RFIs for micelle-
incorporated DiI were not signi¢cantly di¡erent at 2DIV and
14DIV, either in neural cultures or astrocytes.
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celle-incorporated DiI could hardly be seen after 1 h
(Fig. 1d), whereas this is su⁄cient time to detect the
signal of non-micellar DiI (Fig. 1c). The incorpora-
tion of DiI-M into cells was increased with time (Fig.
1b,d,f,h), but the intensity and number of labeled
cells was signi¢cantly greater in cultures exposed to
non-micellar DiI (Fig. 1a,c,e,g) at any time point
tested. Relative £uorescence intensities (RFIs) from
30 randomly selected cells (three independent experi-
ments) are shown in Fig. 1i. These data support the
¢nding that PCL21-b-PEO44 block copolymer signi¢-
cantly alters the rate and extent of internalized DiI
£uorescence in neural cultures within 24 h.
Next we analyzed the DiI staining of neural cul-
tures after two days in vitro (2DIV) (Fig. 2a,b) and
much later, when neurons are fully di¡erentiated and
have formed the synaptic contacts (14DIV) (Fig.
2c,d). Both 2DIV and 14DIV cell cultures exposed
Fig. 4. Subcellular distribution of DiI colocalization with Lyso Tracker Bodipy. Neural cells were incubated with Lyso Tracker Bodi-
py (0.2 Wg/ml) or Brefeldin A-Bodipy (0.2 Wg/ml) for 15 min. The cells were then incubated for 60 min with DiI (1 WM) and images
were acquired by confocal microscope BioRad 1024 (for details see Section 2). (a,d) DiI alone; (b) Brefeldin A-Bodipy alone; (e) Lyso
Tracker Bodipy alone; (c) DiI and Brefeldin A-Bodipy; (f) DiI and Lyso Tracker Bodipy. Note: colocalization of DiI with the Lyso
Tracker Bodipy (f).
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to DiI showed a signi¢cant incorporation of the dye
into neurons as well as astrocytes after 1 h of the
incubation with DiI (Fig. 2a,c). At later times in
vitro (14DIV) DiI-M could be detected, but again,
the intensity and number of labeled cells was signi¢-
cantly greater in cultures exposed to non-micellar
DiI. There is a highly signi¢cant di¡erence
(P6 0.001) in the RFIs between micelle-incorporated
and non-micelle-incorporated DiI at both 2DIV and
14DIV (Fig. 2e). DiI is internalized both by neurons
and astrocytes (see inserts in Fig. 1c,d,g,h). RFIs for
DiI in neural cultures and astrocytes at 2DIV and
14DIV are signi¢cantly di¡erent (P6 0.001) (Fig. 3,
DiI), whereas they are not signi¢cantly di¡erent for
micelle-incorporated DiI (Fig. 3, M-Di). Intense £uo-
rescence of non-micelle-incorporated DiI is detected
in 14DIV in neural cultures (RFI = 149.2 þ 6.7) and
astrocytes (RFI = 116.8 þ 9.0) and it is signi¢cantly
reduced (57.9% and 49.7%) for micelle-incorporated
DiI in neural cultures and astrocytes, respectively
(Fig. 3). Next we studied the subcellular distribution
of DiI by using three speci¢c markers for organelle
labeling: Hoechst 33342 (nuclear staining), Brefeldin
A-Bodipy (Golgy, Fig. 4a^c) and Lyso Tracker Bod-
ipy (lysosomes, Fig. 4d^f). The signal of DiI in the
Golgi was very faint and could hardly be detected in
double staining experiments using Brefeldin A-Bodi-
py (Fig. 4c). Initially, (6 15 min) DiI is seen in the
cell membrane and later on (30 min) in endosomes
and lysosomes (colocalization with Lyso Tracker
Bodipy) (unpublished observation). There was no re-
tention of DiI in the nucleus at any time point (15
min-24 h). The £uorescence from micelle-incorpo-
rated DiI was too weak to provide convincing evi-
dence for colocalization with Brefeldin A-Bodipy and
Lyso Tracker Bodipy (not shown).
Due to the limited detection of the internalized
micelle-incorporated £uorescent probe by confocal
microscopy, we carried out a series of experiments
using a micelle-incorporated radiolabeled probe.
Since DiI was not available in tritiated or 14C-labeled
form, we used [3H]B(a)P as an alternative.
3.3. Uptake of the radiolabeled [3H]B(a)P by glia
and neurons in the mixed cultures
The internalization of [3H]B(a)P into mixed cul-
tures between 2DIV and 14DIV and glial cultures
is shown in Fig. 5a. As in the experiment with DiI,
cells were incubated for di¡erent time periods and
the rate and extent of internalization was assessed.
Lysed cells and supernatants were collected and
Fig. 5. Time-dependent [3H]B(a)P uptake by mixed neuron^glia
cultures and pure glia. (a) The extent of micelle-incorporated
[3H]B(a)P uptake in the mixed neural cultures (2DIV (8), 5^
6DIV (F), 9DIV (R), 14DIV (b)). (b) The internalization of
[3H]B(a)P and micelle incorporated [3H]B(a)P in glial cultures
following 30 min incubation. The bars represent the mean þ
S.E.M. (n = 3).
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quanti¢ed by liquid scintillation counting. Both tem-
poral and developmental dependence of micelle-in-
corporated [3H]B(a)P internalization is presented
(Fig. 5a). There is a small and steady increase in
the uptake with time up to 4 h. Similar result was
obtained using micellar DiI (Fig. 1b,d,f,h). The ex-
tent of micelle-incorporated probe is signi¢cantly
larger at 14DIV than at 2DIV, 5^6DIV or 9DIV,
at any times between 30 and 240 min. We then com-
pared [3H]B(a)P internalization in neural cultures
and glia. The free probe is internalized to a greater
extent, and the di¡erence between micelle-incorpo-
rated and non-incorporated probe is smaller than
that with DiI (Fig. 1b,d,f,h,i). This may be in part
Fig. 6. Confocal images of 2DIV and 14DIV primary neural cultures immunostained with dynamin (a,b), neuron-speci¢c MAP-2 (c,d)
and astrocyte-speci¢c (GFAP) antibodies (e,f). The immunostaining was performed as described in Section 2.2.6. Antibody concentra-
tions used: anti-MAP-2 (1:500); anti-GFAP (1:200); Hudy 1 (1:200). Control cells were incubated with 3% non-fat dry milk in TBS
without primary antibody. The intensity of dynamin immunoreactivity appears to be similar in 2DIV and 14DIV neurons (while the
intensity of DiI-M internalization is signi¢cantly higher in 14DIV neurons compared with 2DIV neurons). There are fewer astrocytes
in 2DIV cultures than in 14DIV cultures. The bar represents 50 Wm.
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due to the di¡erent partition coe⁄cients of the two
probes. Results from pure glial cultures (14DIV)
strongly suggest that a great amount of the probe
was taken up by glia (88%) (Fig. 5b). We then as-
sessed the cellular composition of neural cultures
(2DIV and 14DIV) by immunohistochemical analy-
ses employing the antibodies against MAP-2, GFAP
and dynamin.
3.4. Immunoreactivity of MAP-2, GFAP, and
dynamin in 2DIV and 14DIV neuronal cultures
The cell composition of the 2DIV and 14DIV cul-
tures was determined by immunostaining with neu-
ron speci¢c MAP-2 and astrocyte speci¢c GFAP
antibodies (Fig. 6). At 2DIV about 95^98% of the
cells were neurons (MAP-2-positive, Fig. 6c), and
less than 1% were GFAP-positive (Fig. 6e), showing
that the vast majority of the cells in 2DIV cultures
are neurons. By 14DIV, the number of GFAP-pos-
itive cells signi¢cantly increased due to a prolifera-
tion of the glial cells, and became about 20^30% of
the total cell population.
To study whether the increase of the uptake was
due to increased dynamin-mediated endocytosis in
14DIV neural cultures, we immunostained 2DIV
and 14DIV cultures with anti-dynamin antibody.
The intensity of dynamin staining and densitometric
analysis of immunoreactive bands corresponding to
immunoprecipitated dynamin reveal no signi¢cant
di¡erence in the protein expression in 14DIV (not
shown), in agreement with the previous report show-
ing low levels of dynamin 1 expression in embryonic
tissues and a signi¢cant increase in the postnatal pe-
riod [17].
4. Discussion
The present study demonstrates that the internal-
ization of £uorescent- and radiolabeled probes into
neural cells is signi¢cantly retarded when the probe is
incorporated into PCL21-b-PEO44 block copolymer
micelles. The dramatic e¡ect of the micelles was dem-
onstrated by direct confocal microscopy of the living
cultures. Immunocytochemical data showed that in-
ternalization increases as the neural composition
changes during aging of the mixed cultures (2DIV^
14DIV) demonstrating the in£uence of the recipient
cell type on the extent of internalization. The studies
employing DiI and [3H]B(a)P showed that this e¡ect
is mainly due to an increase of uptake into non-neu-
ronal cells.
4.1. Micelles containing £uorescent probes as tools to
study core-probe-cell relationship
Block-copolymer micelles can be considered as
nano-containers from which agents are released in
a sustained manner [18]. This is of particular interest
for in vivo studies where the success of micelles for
the delivery of neuroactive agents depends on the
stability of the micelle, the degree of partitioning of
the drug between the polymer and the biological en-
vironment, the stability of the drug within the micelle
core and the drug release kinetics (reviewed in [18]).
The nature of the corona has a known in£uence on
internalization [1,18]. Our studies show that the na-
ture of the cells themselves (in the present study re-
vealed by the changes associated with aging of the
mixed cell cultures), the core of the copolymer ac-
commodating the probe, and the physical properties
of the probe itself in£uence the probe internalization
into cells. Interestingly, the polyethylene oxide coro-
na attached to the charge^charge complex-forming
cores has an e¡ect of promoting rather than retard-
ing internalization of the incorporated agent. This
e¡ect, attributable in part to the nature of the core,
is opposite to that seen in the present study ^ highly
lipophilic compounds incorporated into micelles with
PEO corona but with a neutral core are slowly in-
ternalized by cells. Previous studies by Asta¢eva et
al. [19] describe the synthesis and some characteris-
tics of £uorescent-labeled polymer, but their subcel-
lular distribution in the primary cultures of the nerv-
ous system was not examined. In the present study
£uorescent and radiolabeled probes were incorpo-
rated into the non-£uorescent block copolymer with
the similar corona (polyethylene oxide i.e. PEO) as in
the Asta¢eva’s studies [19]. By employing nuclear,
lysosomal and Golgi £uorescent markers we found
that DiI does not enter the nucleus and very little
colocalizes with Lyso Tracker and even less with
Golgi £uorescent marker. The exact subcellular dis-
tribution (with high resolution) of micelles and mi-
celle-incorporated probes would require gold-labeled
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polymer and electron microscopy. Such polymers are
not presently available.
Due to the increasing number of biomacromole-
cules such as peptides, proteins, oligonucleotides
and poorly soluble but highly neuroactive agents as
potential therapeutics in neurodegenerative and other
disorders, suitable delivery vehicles must be devel-
oped and characterized. Potential application of pol-
ymers in the delivery of drugs to the central and
peripheral nervous system has been investigated by
several groups [20,21]. We have been investigating a
number of biocompatible and biodegradable block-
copolymers [22], including a group of polycaprolac-
tone-b-polyethylene oxides [10,17,18,23]. DiI is inter-
nalized by neural cells and shows granular cytoplas-
mic distribution, resembling that reported for DiI 18
[12]. The slow internalization rate of DiI-M seen in
the present study concurs with the notion that the
detectable signal after 6 and 24 h derives from both
di¡used DiI (with similar distribution as non-micel-
lar DiI) and micelle-incorporated DiI (6 5% total
£uorescence). The di¡erences of the internalization
of [3H]B(a)P and DiI, micelle-incorporated vs. non-
micelle-incorporated, into neural cultures (Fig. 1i
and Fig. 5b), are signi¢cantly greater in the case of
DiI. It is conceivable that the smaller di¡erence in
the internalization of micellar vs. non-micellar
[3H]B(a)P into neural cultures can be attributed at
least in part to di¡erent partition coe⁄cient (mi-
celles/aqueous medium) for [3H]B(a)P (Kv = 693)
and DiI (Kv = 6122) (unpublished observations).
This study is the ¢rst in the series of studies on cel-
lular localization of £uorescent labels incorporated
into micelle cores employing confocal microscopy.
However, use of the £uorescent probe cannot answer
the question whether or not the micelles themselves
are internalized. To this end we have investigated the
internalization of £uorescent-labeled polymer, ob-
taining results which suggest that a small proportion
of micelles get into cells and that the kinetics of entry
is slow (the signal is detectable after 4 h and reaches
the maximum after 12 h; unpublished observation).
The DiI probe incorporated in PCL21-b-PEO44 mi-
celles di¡uses out slowly and steadily. Thus, PCL21-
b-PEO44 block copolymer could be useful as a deliv-
ery vehicle for therapeutic agents with short plasma
and CSF half-lives. Major limitation of PCL21-b-
PEO44 nano-containers is that they cannot deliver
drugs in a site-speci¢c manner, and the slow release
of the micelle-incorporated probe may limit their use.
However, it does not preclude the use of the individ-
ual polymer units (unimers of PCL21-b-PEO44) car-
rying the drug molecule. Indeed, recent studies by
Kabanov’s group clearly show a polymer-enhanced
accumulation of the £uorescent probe Rhodamine
123 into a bovine brain microvessel endothelial cell
monolayer [24] at monomer concentrations below the
CMC (0.01%). The enhancement was interpreted as
being a consequence of the P-gp e¥ux transport sys-
tem [25]. Such polymeric vehicles also have limita-
tions, e.g., low loading capacity, lack of selectivity
and possibly undesirable inhibition of transport sys-
tems away from the target tissue in which the drug is
supposed to exert its biological e¡ect by attaining an
e¡ective concentration. Tissue speci¢c delivery and
subcellular compartment delivery can be achieved
in a number of ways, including the synthesis of func-
tionalized polymers, thereby converting the non-spe-
ci¢c to a receptor-mediated endocytosis. Our group
is particularly interested in development of micelles
able to deliver drugs to subcellular compartments.
4.2. Micelles and changes in neural composition alter
the degree of the probe’s internalization
The current study provides data showing that in-
ternalization of the micelle-incorporated probe is
strongly in£uenced by properties of the receiving
cells themselves. In this instance these properties
were determined by the ‘age’ of the mixed neuron^
glia and pure glia cultures (2DIV vs. 14DIV) the data
deriving from the neuronal and glial markers ex-
pressed during the course of 2 to 14 days in vitro.
In mixed cells at 2DIV, some cells are still vimen-
tin positive, suggesting the presence of some progen-
itor cells (not shown). At 6DIV, MAP-2 staining is
strong, but a number of GFAP positive cells (astro-
cytes) have increased as compared to 2DIV. In these
cultures, DiI is e¡ectively internalized within 30 min
and micelle-containing DiI within 4 h. GFAP immu-
nostaining is very strong at 14DIV, suggesting that at
that stage mixed cultures have more astrocytes than
neurons. A number of reports provide evidence for
the role of dynamin in di¡erent cell types. Recent
studies of growing astrocytes in primary cultures
show that astrocytes have a developed endocytotic
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system mainly composed of caveolae, clathrin coated
pits and vesicles, tubulo-vesicular and spheric endo-
somes and multivesicular bodies [26]. The same stud-
ies also show that ethanol impairs protein tra⁄cking
and causes reduction of caveolin, clathrin, rab 5 and
beta-COP levels. In contrast, data from the present
study show that dynamin staining does not change
signi¢cantly between 2DIV to 14DIV, suggesting
that the expression of this protein does not correlate
with the extent of internalization of probe contained
in the nanosized delivery vehicle within this time pe-
riod of neural cultures in vitro. Indeed, dynamin ex-
pression enhances mainly during the postnatal period
[17]. Whether dynamin [27], amphiphysin [28], inter-
sectin [29] and caveolin [30] play a role in internal-
ization of micelles is currently under investigation.
In conclusion, the rate and the extent of uptake of
the DiI probe incorporated into PCL21-b-PEO44 mi-
celles are signi¢cantly altered by the block copolymer
and by the characteristics of the cells, which change
from 2DIV to 14DIV; the former retards internal-
ization of the £uorescent probe used, while the age-
related changes in cellular composition of the culture
enhance it.
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